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We argue that small pitch angle synchrotron emission provides an important dissipation mechanism which has to be taken into account 
in the models of formation of relativistic magnetized y-ray burst (GRB) outflows from the newborn black holes and/or magnetars. We 
show that if the GRB outflow is proton loaded, spectral energy distribution of this emission is expected to sharply peak in 0.1-1 MeV 
energy band. If the small pitch angle synchrotron emission efficiently cools relativistic particles of the outflow, its spectrum below 
the peak energy is a powerlaw with spectral index a ^ -I, close to the typical spectral index of the time-resolved GRB spectra. 
Otherwise, the low energy spectral index can be as hard as O' == 0, as observed at the beginning of the GRB pulses. We make a 
conjecture that small pitch angle synchrotron emission from proton-loaded magnetized GRB outflow could significantly contribute to 
the Band component of the prompt emission of GRBs while electromagnetic cascade initiated by the protons could be responsible for 
the GeV component. 
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Introduction. Over the last 2 decades a large amount of 
information about time evolution of the spectral characteris- 
tics of prompt emission of y-ray bursts (GRB) has been col- 
lected by CGJ^Q/BATSE, Sw ift/BAT, INTEGRAL/lSGRl (see 
(iMeszarosL |2p06; Piran, 2004) fo r recen t reviews) and, most re- 
cently, Fermi/GBM (Band et al.L l2009h telescopes. It is firmly 
established that the majority of the time resolved GRB spec- 
tra could be well described by relatively simpl e spectral mod- 
els, such as the Band model dBand et al.L Il993h . or a cut-off or 



broken powerlaw models determined by three main parameters: 
low and high energy photon indices a and ,6 and pe ak (or break 
or cut-off) energy Ep (iPiranL 12004 iMeszarosl l20ci6l) . 

The observed distribution of the low-energy power-law in- 
dices a (of differential photon spectra dNy/dE ~ E") of time- 
resolved GRB spectra is sharply peaked at the value a ^ -1 
in the BATSE GRB (Band et al.L Il993t iKaiieko et all l2006l) 
and SwiftfBAI ( fSavchenko & Neronovl |2009|) GRBsamples. 
Deviations from this mean value toward a > -1 (down to 
a ^ 0) are preferentially observed at the initial moments 
of on-set of GRB sub-pulses, when the spectra could be 
as hard as a > (Preec e et al.l 120001: iKaneko et all 120061: 
ISavchenko & Nerjjnov. 2009h . Evolution toward a < -1 is com- 
monly observed during decay of individual sub-pulses and/or at 
the end of the prompt GRB emission phase. The characteristic 
value a ^ -1 is difficult to reconcile with the conventionally 
assumed synchrotron and/or inverse Compton mechanisms of 
prompt GRB emission. Alternative models, which try to resolve 
this problem, in clude "jitter " radiation (iMedvedev & LoeR 
[T999t iMedvedevi |2006|) (see iKirk & Revilld ( l2009h for dis- 
cussion of potential problems of the jitter radiation tnodel ) 
and "quasi thermal comptonization" dGhisellini & CelottiLll999l) 
models. 

Spectra of at lea st some GRJJs contain a separa t e GeV - 
band component (e.g. lAbdo eFan ( l2009h : lBissaldi et al.l ( l2009l) ). 
The GeV emission has different (compared to the Band com- 



ponent) temporal evolution dGhisellini et al.L l2010h . Absence 
of the high-energy cutoff in the spectrum of this GeV com- 
ponent due to the pair-production imposes a lower bound 
on the bulk Lorentz factors of the GRB outflows (abo ut 
r> 1000. e.g. lBa-ing and Hardiiigl dl997h : lAbdo et al.1 d2009h ). 
Different models of the origin of the GeV emission were pro- 
posed, st ich as high-energy exteii t ion of the conv e ntiona l af- 
terglow dKumar a nd Duranl l2009t iGhirlanda etall |2009[) . af- 
terglow e mission fro m a fireball in the radiative regi me 
dGhisellin i et al., 2010* ), synchrotron ( Razzague et al.L 20091) or 
cascade (iDermer and AtovanL l2006t lAsano et all l2009l) emis- 
sion from ultra high-energy (~ 10^° eV) protons. 

Several models of formation of relativistic GRB outflows 
from black holes or neutron stars, formed in result of core col- 
lapse of massive stars, assume that the outflow is highly mag- 
netized ( Komissarov & Barkov, '2007"; 'Bucciantini et al.L 120071 : 
iKomissarov et al. , 2009 ; Bucciantini et al. , 2009 ). In these mod- 
els, the energy of the outflow is initially carried by the Poynting 
flux of electromagnetic energy, so that the ratio of electromag- 
netic to kinetic energy of the outflow, cr, is comparable or much 
higher than unity. Numerical MHD calculations show that the 
electromagnetic energy could be converted in a dissipationless 
way to the kinetic energy of relativistic particle outflow. The 
absence of dissipation is due to the fact that electromagnetic 
field forms a force-free configuration of electromagnetic field, 
E + [V X B] =0, where E, B are electric and magnetic field and 
V is the flow velocity. 

In what follows we show that even if electromagnetic field 
is force-free, the energy loss of relativistic particles in the out- 
flow is non-zero, because directions of velocities of individual 
particles are scattered around the average direction of the flow 
within a certain angle ^Fq ~ F^', where Fq is the Lorentz fac- 
tor of the outflow. Scatter of particle velocities leads to radia- 
tive dissipation of the outflow energy, with the main dissipation 
mechanism being small pitch angle synchrotron emission. We 
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demonstrate that significant fraction of the power of magnetized 
outflow could be dissipated via this mechanism already in the 
outflow acceleration region. 

We derive spectral characteristics of this emission and show 
that they are consistent with those of the observed GRB prompt 
emission spectra. The peak energy of the spectrum is expected to 
be in the 0. 1-1 MeV range for the outflows with typical GRB pa- 
rameters (bulk Lorentz factors, isotropic luminosities). The low- 
energy spectral index is expected to evolve from a very hard 
value a ^ toward a "steady state" value a - -1 which is 
expected to persist over the period of stable activity of GRB 
central engine and/or up to the moment when interactions of 
the high-energy protons with the synchrotron-cooled lower en- 
ergy protons start to significantly contribute to the energy loss. 
Comparing the spectral characteristics of proton synchrotron 
emission with the ones observed in the prompt emission y-ray 
spectra of GRBs we put forward a conjecture that emission from 
the pre-shock outflow dominates during the prompt emission 
phase. We discuss possible observational tests which would al- 
low to test this conjecture. 

Generic properties of pre-shock relativistic GRB outflow. If 
the observed isotropic luminosity of GRB is Liso, the energy 
flux carried by the GRB outflow ejected into a solid angle Q is 
L = (Q/47r)Liso ^ 8 X 10^^ [Liso/lO^^gj-g/sj [0/l°]2 erg/s, where 
is the opening angle of the outflow. Energy density of the 
outflow at a distance D is U - L/(Q.D~) Q. It is convenient to 
parametrize the strength of electromagnetic field in the outflow 
in terms of magnetization parameter cr, B^ l{%n) ~ crU l{\ + cr). 
Using such a parametrization, (electro)magnetic field strength at 
the distance D can be expressed as B = V2crLiso/(l -i- cr)ID ^ 

10'^ [o-/(l + o-)]i/2 [Liso/10^2 erg/s]'^^ [d/IO*^ cm]"' G. 

Minimal possible angular scatter of velocities of the 
particles is within a cone with opening angle ^Pq - kYq^ 
(k is a numerical factor of the order of 1). Non-zero angu- 
lar scatter of particle velocities around the bulk velocity V 
leads to the appearance of non-zero Lorentz force of the order 
of F ~ eB^, where e is particle charge and B± ~ B^o - /cBTg' ^ 

lOV [0-/(1 + cr)]^'^ [Li,Jl0^^eTg/sf'^ [zJ/lO^cm]"' [To/IO"*]"' G, 

Particle motions due to this uncompensated Lorentz force 
lead to radiation. To calculate the properties of this radiation, it 
is convenient to go to the reference frame moving with velocity 
"V = [E X B] / |B|^. In this reference frame the electric compo- 
nent of electromagnetic field is zero, the mean outflow veloc- 
ity V is aligned with the magnetic field B' and the radiation is 
synchrotron radiation of particles moving at small pitch angles 
in magnetic fielqj. Unless V is orthogonal to B, the velocity of 
the new frame ^ <s c. Taking this into account, we will not 
distinguish the quantities (such as photon energies) in different 
reference frames in the order-of-magnitude estimates presented 
below. 

Properties of synchrotron emission from particles moving at 
small pitch angles with respect to the magnetic field are sig- 
nificantly different from thos e of synchrotron emission from an 
isotro pic particle distribution (lEpsteinLll973HLlovd & PetrosianL 
I2OOOI) . The typical energy of the radiated photons, e, ~ 
eBjXi/mp 

e, ^6xlQ^K 



1 +0- 



1/2 



^iso 


1/2 


r D 1 


-1 


To" 

104 


1052 erg/s 


[ 108 cmJ 



eV(l) 



' We use natural system of units c = 1 . 

^ In a special case V±B the reference frame moving with velocity "V 
is comoving with the outflow and the radiation is cyclotron radiation. 



where nip is particle mass (proton mass in the above and in the 
following numerical estimates), scales proportionally to the par- 
ticle energy, rather than to the square of it. The synchrotron en- 
ergy loss rate P, - 2e'^ B]T^I {l>m^) ~ k~B- does not depend on 
particle energies ronip. 

In order to estimate the importance of small pitch angle 
synchrotron cooling as a dissipation mechanism, one has to 
compare the synchrotron cooling distance D, = Tonip/Ps - 

lO'^K-^ [0-/(1 + o-)]-' [Li,o/1052gj.g/sj"' [D/lO^cm]" [Fq/IO^] cm 
with typical distance scales of formation and propagation of the 
GRB outflow. Equating Ds - D one can find that synchrotron 
emission can efficiently remove energy from relativistic protons 
up to the distance 
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Typical distance scale of the GRB central engine Rqe ~ 
10''..10^ cm is the size of black hole formed in the collapse of 
massive star, or the radius of the magnetar. The region of ac- 
celeration of GRB outflow to its asymptotic Lorentz factor Fq 
might have much larger size, e.g. Dp ~ Fq^ce in the "fireball" 
model (iMeszarosl l2006h .A similar estimate of the size of the 
GRB outflow acceleration re gion is found in the "m a gnetic 
acceleration" type mo dels dKomissarov & Barkovl llOOTi: 
iKomissarov et all I2009I) . Both Rce and Dp might be < Ds so 
that small pitch angle synchrotron emission can be efficient dis- 
sipation mechanism. 

In the fireball model it is commonly assumed that the 
bulk of the power of the GRB outflow is transfered from the 
region of the outflow formation up to the internal shock re- 
gion by relativistic protons, while the fraction of the power 
carried by electrons is smaller by a factor ~ nig I nip ^ 10^ 
(Meszaros. .2006.) . Power of the proton-loaded outflow is effi- 
ciently transfered to electrons only in the internal shock re- 
gion, which is normaUy at large distances Dshock ~ ^^Rce » 
Ds- In the unshocked outflow, electrons suffer, similarly to 
protons, from the energy loss related to the small pitch an- 
gle synchrotron emission. However, the energy losses of elec- 
trons do not contribute significantly to the energy dissipation 
in the distance range Dr < D < Dshock- 

Synchrotron photons could freely escape from the GRB out- 
flow if they are produced at sufficiently large distances, where 
the GRB outflow is optically thin with respect to Compton 
scattering. The mean free path of photons with respect to the 
Compton scattering is Ac - [«o-7-(l - cos(*l'o))]"' ^ 2 x 
IOV-- [d/10** cm]^ [Liso/lO^^ erg/s]"' [Fq/IO^]^ cm, where crj 

is Thomson cross-section and n = Li^J {AnD^nipro) is the elec- 
tron density of the outflow (we assume that the number density 
of electrons is equal to the number density of protons). The out- 
flow becomes optically thin at the distance at which Ac - D: 
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In GRBs with bulk Lorentz factors Fq > 6 x 1 0", ©c < 23.? so that 
synchrotron photons freely escape if they are produced in the 
distance range Dc < D < Ds-ln the distance range D < Dc the 
spectrum of the proton synchrotron radiation is modified by the 
small angle Compton scattering on (energetically sub-dominant) 
electrons present in the outflow. 

Spectrum of emission from pre-shock proton loaded GRB 
outflow could be calculated by summation the spectra emitted 
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from the outflow components moving at different angles with 
respect to the line of sight 



^ro(v) 



"¥1 J Jo 



W>PFr„,fl(y,>P) 



(4) 



where Frgfiiv, ^F) is emission from particles spiraling at pitch an- 
gle *P within a beam with an opening angle ^o = kT^^ viewed 
at an angle 6 with respect to the direction of the beam. Non- 
negligible contribution to the integral over 6 is given only by 9 
in the range < 9 < (^Fq + T"'). Note that we have assumed, for 
simplicity, that the parameters of the outflow do not depend on 
the angle with respect to the axis of the outflow, i.e. the Lorentz 
factor To and particle density « are constant inside a cone with 
large enough opening angle » F ' . Generalization of the cal- 
culations presented below to the case of non-trivial angular pro- 
file of the GRB outflow is straightforward. 
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lEpsteinifTOTl 



expressed as 
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6(v - v„) 



where vg - eBI{2nm) is the cyclotron frequency, v„ — 
InVaVBlil + 9^Yl + ^F^r^), Z„ = 2nYl9'i'l{\ + 9~Tl + T^r^) and 
7„(z) are Bessel functions. Substituting the above expression into 
Eq. (HI one finds 






(5) 



where v - vI(2YqVb) and 'F(v, k) is a function which does not 
depend on the magnetic field strength and on the Lorentz fac- 
tor. Numerically calculated functions 'F{v,k) are shown for sev- 
eral values of k in Fig. [T] At low frequencies, v « 1, the func- 
tion Tyiv, k) has the form of a hard spectral index power-law. 



ry{v,K) 



with a = 0. The spectrum becomes even harder 



close to the Doppler shifted cyclotron frequency v - 1 . If /c < 1 
the function ;F(v, k) has more-or-less strong higher harmonics of 
the cyclotron Une which can be seen as multiple "bumps" in the 
spectrum at i/ > 1 . 

High-energy emission from the "tail" of angular distribu- 
tion. The spectrum marked k - \ m Fig. [1] is calculated under 
the assumption that angular distribution of particle velocities, 
NpQV), is cut-off at the angle *Po ^ Fq ' . In general, NpQV) could 



have large angle "tail" extending beyond 'I' 



Spectrum 



of emission from protons moving at large pitch angles /c » 1 
extends up to the frequency v ^ k, while the frequency below 
which the spectrum is characterized by ff = moves down to 
V ^ K'^ (see Fig.[TJ. In the range k^^v < k the spectrum is charac- 
terized by photon index a - -2/3 typical for synchrotron radia- 
tion from isotropic particle distribution (Fig.[T]i. If the large pitch 
angle tail of A^p(*P) has the form of a power-law, NpiKF^^) ~ k^\ 
the spectrum of emission above the characteristic (peak) fre- 
quency V = 2FoVb has the form of a power-law with photon 
index /3 - s - l.ln principle, the tail of the angular distribution 
could extend up to ^I' ~ 1 , so that the energy of synchrotron pho- 
tons emitted by the large angle tail could extend up to v ~ Fq. 
If the spectrum of proton synchrotron emission from particles 
moving at the angle ^ < F^' peaks in the 100 keV - 1 MeV 
energy band, the high-energy (large pitch angle) tail of the syn- 
chrotron spectrum could extend up to the 1-10 GeV band if 
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Fig. 1. Spectra of small pitch angle proton synchrotron emission 
from pre-shock GRB outflow for several values of k. Thick solid 
line shows spectrum of emission from proton spectrum formed 
by cooling of the outflow protons to F = O.OIFq. For comparison 
we show Band model fits to the spectra of perio ds "b" (begin- 
ning) and "d-He" (end) of Fermi GRB 090902B (iBissaldi et al.L 
l2009h as lower and upper grew curves. Normalizations and peak 
energies of the Band model fits to GRB 090902B spectra are 
shifted to match the small pitch angle synchrotron model curves. 



F() ~ 10"*. Presence of the large angle tails of proton angular dis- 
tribution could, therefore, be responsible for the appearance of 
high-energy extensions of th e prompt GRB spe ctra like the one 
observed in GRB 080916C (lAbdo et al.L |2009|) . Another obvi- 
ous possible source of the GRB 080916C-like high-energy tails 
in the GRB spectra is presence of protons with energies higher 
than Fonip in the outflow. 

Emission from a distribution of protons formed by the small 
pitch angle synchrotron cooling. The total proton energy loss 
rate could be found via integration of Fr„(v): 



^synch(ro) = FY„{v)dv 



/' 



2,ne-vl r 

5-^ I r{v,K)dv 



(6) 



As expected, Psynch does not depend on the Lorentz factor Fq. 
Energy-independent small pitch angle synchrotron cooling leads 
to generation of low-energy tail of particle spectrum below the 
initial proton energy Fomp. During the time when the central en- 
gine of the GRB outflow continuously ejects relativistic outflow 
with rate 2(F) = Qo6{r - Fq), the spectrum of the synchrotron- 
cooled protons Np(r) is a stationary solution of continuity equa- 
tion d/dr[p,y„,u(r)Np(r)} = e(F): 



NpiT) = 



Go 



^synch\i / 



b^O 



(7) 



in the range of Lorentz factors F < Fq. Spectrum of small pitch 
angle synchrotron emission from such proton distribution is 



F(v) = f Np(r)Fr{v)dr ~ v"+' , a = -(b + 1) ■ 



-1 



(8) 



The overall spectral evolution of the pre-shock outflow emis- 
sion is expected to be as follows. As soon as synchrotron cool- 
ing of the outflow particles becomes efficient, the spectrum of 
emission from the pre-shock outflow softens from a - (or 
a = -2/3, depending on the initial value of k) down to a ^ -1. 
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The a ^ -1 spectrum persists over a period of stable activ- 
ity of the GRB central engine as long as synchrotron cooling 
remains the dominant energy loss channel. This value of a is 
close to the measured characteristic low- energy spectra l index 
of CGRO/BATSE and Swift/ BAT GRBs dKaneko et al.L l2006t 
ISavchenko & Neronovil20()9b . Prompt emission sp ectra of some 
GRBs start from very low values o f o- > -2/ 3 ('Preece et al.l, 
[2000; Kaneko et al.L 12006 ; Savchenko & Neronov. 2009) and 
evolve toward a ^ -1 as expected if the very hard emission 
originates from the pre-shock GRB outflow. As an example, we 
show in Fig.[T]Band model fits to the spectra of the beginning and 
end of the prompt emission phase of a recent Ge V-y-ray-loud 
GRB 090902B, taken from (iBissaldi et all l2009l) . Comparing 
the Band model fit of the initial rising phase of GRB 090902B 
with the spectrum of emission from monochromatic proton dis- 
tribution one could conclude that GRB 090902B outflow is ini- 
tially almost monoenergetic. Eq. ([T) enables to derive initial To ~ 
10"*, i.e. proton energy Fonip ~ 10'^ eV, given the isotropic lu- 
minosity fiiso ~ lO^-' erg/s and peak energy Speak ~ f.s ~ 10^ eV 
for this particular GRB. 

Small pitch angle synchrotron emission leads not only to 
cooling but also to scattering of proton beam into a wider 
angle ^F ~ F"' » Fg'. Widening of the opening angle of 
particle distribution could lead to the "switch on" of interac- 
tions between particles of the outflow. The mean free path of 
the highest energy protons with respect to the pp interactions 



on low energy protons A 



pp 



o-„„«(F)(l-cos 



(r-'))}" 



10" [Liso/10^' erg/s] [d/10^ cm] [Tq/IO'^] [t/10'^] cm where 



0-. 



^ 10 ^^ cm^ is the cross section of pp interactions and 



pp 

n(F) ~ F'"* is the density of particles with gamma factor F. 
App becomes comparable or shorter than Ds as soon as syn- 
chrotron cooling leads to the appearance of protons with ener- 
gies F < lO-^FoifFo ~ lOl 

Development of proton initiated cascade leads to injec- 
tion of a secondary electrons/positrons (as y-rays and well as 
neutrinos) which could largely outnumber the primary elec- 
trons present in the unshocked GRB outflow. Contrary to 
the primary electrons, synchrotron emission from these cas- 
cade electrons could provide a significant energy dissipation 
mechanism of the outflow. Although typical initial Lorentz 
factors of the secondary electrons are je ~ (rmp)/me » Fo, 
electrons are injected at the typical pitch angles i^f ~ F ' » 
77 ', so that the synchrotron emission from the cascade elec- 
trons is not emitted in the small pitch angle regime. 

y-rays with energies above the pair production threshold 
Eyy = V2'«?c4/(1 -cos(l/F)) ^ 10'° [f/IO^] eV will produce 
pairs in interactions among themselves and initiate development 
of electromagnetic cascade. Highest energy y-rays could inter- 
act also with protons via pion and pair production channels. The 
energy loss of protons due to the pp (and/or py) interactions 
Pppi^o) ~ f^o/'lpp, where / ~ 0.1 - 0.2 is the typical inelas- 
ticity of pp collisions. As soon as cooling of the highest energy 
protons via pp and py interactions becomes more efficient than 
the synchrotron cooling, the spectrum of protons is expected to 
soften to b > Q (see Eq. (|7]i). This should lead to the soften- 
ing of the small pitch angle synchrotron emission spectrum to 
a < -I and decrease of its contribution to the overall GRB spec- 
trum, compared to the contribution from the cascade emission 
component. The spectrum of emission from the proton-initiated 
cascade extends up to the energy of the threshold of the pair 
production, Eyy. In the particular example GRB 090902B, the 
electromagnetic cascade component is then clearly identified as 



the soft emission component extending up to the multi-GeV en- 
ergies, which becomes dominant at the end of the prompt emis- 
sion phas e and persists over ~ 10^ s after the end of the prompt 
emission dBissaldi et al.L 120091) . 

Bursts which start with very hard spectra would be most in- 
teresting candidates for testing the hypothesis of small pitch an- 
gle proton synchrotron emission because they might possess the 
cyclotron line at the frequency v ~ FqVb. Search for such a line 
at the energy close to the peak energy of very hard GRB spec- 
tra could provide a test for the proposed model. The cyclotron 
line feature could, however, be "washed out" of the spectrum by 
non-negligible spread of particle energies in the outflow and by 
small angle Compton scattering if most of the small pitch an- 
gle synchrotron emission is generated at the distances D < Gq- 
In this case the spectrum of emission from the pre-shock out- 
flow would be indistinguishable from the generic Band model 
spectra. A complementary way of testing of the small pitch an- 
gle proton synchrotron model is the s earch for the appearance of 
neutrino signal from pp interactions dPaczvnski & Xulll994l) at 
the moment of softening of the spectrum of prompt emission to 
ff < 1 in GeV y-ray-loud GRBs. The neutrino signal is expected 
to be sharply peaked at energies Ey ~ fTonip ^ 1 Fq/IO"* TeV 
and its flux is expected to be comparable to the luminosity of 
the cascade (GeV) component of the GRB spectrum. The peak 
energy of neutrino signal can be predicted if the bulk Lorentz 
factor Fo is estimated from the measurement of the peak en- 
ergy of the proton synchrotron component using Eq. ([1]). Search 
for the neutrino counterparts of the GeV y-ray loud GRBs be- 
comes possible via cross-correlation of the signal of Fer»z//LAT 
detected GRBs with the TeV neutrino signal in km^ scale neu- 
trino t elescope IceCube wh ich will be completed in the nearest 
future (lAbbasietal.Ll2009t) . 

To summarize, we have explored the possibility that small 
pitch angle proton synchrotron emission from the magnetized 
GRB outflow gives significant contribution to the GRB spec- 
trum. This emission provides an important dissipation mecha- 
nism in the region of acceleration of GRB outflows with high 
magnetization parameter cr. We have shown that steady-state 
spectrum of this emission is expected to have photon index 
a - -I, close to the characteristic photon index of the time- 
resolved GRB spectra. Small pitch angle proton synchrotron 
emission component could also explain extremely hard spectra 
ff > observed at the beginning of some GRBs. The possibil- 
ity that small pitch angle proton synchrotron emission from the 
region of acceleration of GRB outflow could be identified in the 
observed GRB spectra implies that the models of formation of 
magnetized relativistic outflow by newly born stellar mass black 
holes or magnetars could be observationally tested. The hypoth- 
esis of the presence of small pitch angle synchrotron emission 
component in the GRB spectra could be verified via search of 
the cyclotron line features in spectra of (some of the) hardest 
GRBs and/or via search of prompt TeV neutrino emission from 
GeV y-ray-loud GRBs. 
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